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Exosomes are small, cargo-containing vesicles secreted by cells to facilitate intercellular 
communication. Of exosome cargos, microRNAs are especially interesting because of 
their involvement in gene regulation. Recently, our lab has shown that exosomes and 
their microRNA cargo are absorbed through the diet and elicit effects exogenously. 
Human and animal milk contain exosomes, which may have implications in infant and 
adult nutrition. There is evidence that bovine milk exosomes enhance growth of murine 
C2C12 myotube cell cultures, but whether this translates to muscle in vivo is unknown. 
The USDA National Nutrient Database for Standard Reference is lacking up-to-date 
information about human milk constituents, including their exosome and microRNA 
content. This thesis focuses on two specific aims: 1) the effect of dietary bovine milk 
exosomes on strength, gene expression and amino acid profiles in murine skeletal 
muscles and 2) the feasibility and methodological groundwork for studying microRNA in 
exosomes from small volumes of human milk. Aim 1: Mice were fed exosome-defined 
diets and variables of feeding behavior, metabolism, grip strength, liver and kidney 
function, amino acid profiles, and gene expression patterns were assessed. No effects 
were observed for food and water intake, respiratory exchange rate, physical activity, grip 
strength, markers of liver and kidney dysfunction, and amino acid profiles in muscle. 
		
Only a modest effect on gene expression in skeletal muscle was observed, consistent with 
recent observations that bovine milk exosomes and their cargos accumulate in tissues 
other than skeletal muscle. Aim 2: The content of extracellular vesicles (EVs) in human 
milk was assessed under different storage conditions at timed intervals. Exosomes were 
purified from 1 mL of fresh human milk and their microRNA content was assessed by 
microRNA-sequencing analysis and compared to that in three brands of infant formula. 
Storage conditions were determined a confounder when analyzing microRNAs in human 
milk exosomes. MicroRNA-sequencing analysis is feasible in exosomes from small 
volumes of milk and the content of microRNAs in infant formulas was negligible 
compared to human milk. 
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INTRODUCTION 
Extracellular vesicles (EVs) are cargo-containing vesicles released by all cell types and 
involved in intercellular communication [1, 2]. Of the various types of EVs, exosomes 
are distinctly small in size (30-150nm), derived from endosomal membranes, and 
secreted through multivescular bodies [2-5]. Exosomes and their cargos are taken up in 
the extracellular space by recipient cells via interactions with cell surface receptors [1, 2, 
6, 7]. Cargos found in exosomes include proteins, lipids, DNA, and various RNA species, 
including a particularly interesting variety known as microRNA. MicroRNA is a small 
(~22 nucleotides), non-coding class of RNA molecules that act as post-transcriptional 
regulators of gene expression via translation inhibition or degradation of target mRNA [8, 
9].  
Figure 1. Exosome biogenesis, release into the extracellular space, (A) uptake by 
recipient cells, and transfer of RNA cargos (B). Adapted from Raposo et al., 2013. 
Traditionally, exosomes and microRNAs were recognized exclusively for their 
endogenous roles, communicating within and regulating between cells of a single host 
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organism. Our lab and others have contributed to the growing body of literature 
suggesting that exosomes and their microRNA cargos can also be absorbed across species 
boundaries through the diet and work exogenously [10-15]. Remarkably, more than 60% 
of mammalian genes are conserved targets for microRNA [16] and the allocation of 
microRNA into exosomes is not arbitrary, but involves a sorting process [17]. Moreover, 
the exosome’s phospholipid bilayer provides crucial protection of cargos under harsh 
conditions in the gastrointestinal tract [18, 19] and a recognizable route for cellular 
transport [14, 15]. Essentially all bio fluids contain exosomes, including human and 
bovine (cow’s) milk [13, 20-24]. 
Bovine milk and milk products are widely consumed in America. In a microRNA 
expression analysis of bovine milk exosomes, 417 known bovine microRNAs were 
detected [25]. Our lab has discovered that bovine milk exosomes are taken up and 
transported via endocytosis in human endothelial cells and human and rat intestinal cells 
[14, 15] and that consumption of bovine milk causes post-prandial increases in plasma 
concentrations of select microRNA [13, 26]. Ongoing projects are in place to further our 
understanding of these observations, examining the bioavailability and distribution of 
bovine exosomes and their microRNA cargos [27] as well as their effects on fecundity 
[28], cognitive performance [29], purine metabolism [30], and the microbiome [31] in 
humans and in mice. 
Other studies in C2C12 myotube cell cultures suggest that intake of bovine-derived 
exosomes promote myotube (muscle cell) growth, indicating a potential link between 
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milk consumption and muscle protein accretion [32]. Whether or not this phenomenon 
translates to whole body metabolism is unknown. The possibility of a new dietary 
constituent improving skeletal muscle function has meaningful implications in 
maximizing athletic performance or treating patients suffering from sarcopenia or 
cachexia (muscle loss due to aging). 
Human breast milk is considered the gold standard for early infant nutrition [33]. 
Recommendations from the American Academy of Pediatrics suggest mothers breastfeed 
their infants for a full year, with exclusive breastfeeding for the first six months [34]. 
However, only about one-half of mothers in the U.S. follow this recommendation, with 
most supplementing or switching to infant formulas before six months [35]. Infant 
formula manufacturers have made efforts to improve their formulations to more 
adequately resemble human milk [36, 37], but have not considered exosomes or 
microRNA in this attempt. Human milk exosomes, documented to contain >600 different 
microRNAs, are stable in the gastrointestinal tract, taken up by human intestinal cells, 
and have bioactive properties [20, 38-41].  
While human milk exosomes and microRNA have been identified in several studies, their 
role in infant nutrition is less known. A recent workshop on human milk consumption 
acknowledged that the U.S. Department of Agriculture (USDA) National Nutrient 
Database for Standard Reference needs updating to include more current information 
about human milk constituents, including their exosome and microRNA content [42]. 
The studies characterizing human milk exosomes to date lack the rigor to update the 
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database in a way that is generalizable to the public. Therefore, groundwork studies must 
be completed to assess feasibility of future large-scale studies of ethnically diverse 
women. Studies should consider the stability of human milk exosomes under different 
storage conditions, the practicality of processing and analyzing exosomal microRNA 
from small volumes of human milk, as well as the content of microRNAs in infant 
formulas. 
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CHAPTER I 
 
A diet defined by its content of bovine milk exosomes and their RNA cargos has 
moderate effects on gene expression, amino acid profiles and grip strength in 
skeletal muscle in C57BL/6 mice 
 
Amy Leifermana, Jiang Shub, Ryan Grovec, Juan Cuib, Jiri Adamecc, Janos Zemplenia 
aDepartment of Nutrition & Health Sciences, University of Nebraska-Lincoln, 110 
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Avery Hall, 1144 T Street, Lincoln, NE 68588-0115, USA 
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Abstract  
Exosomes are nanoparticles that transfer cargos from donor cells to recipient cells where 
they elicit changes in gene expression and metabolism. Evidence suggests that exosomes 
and their cargos are also absorbed from dietary sources such as bovine milk, and bovine 
exosomes promote the growth of myofibers in murine C2C12 myotube cell cultures. The 
aim of the current study was to determine whether the dietary intake of bovine milk 
exosomes alters strength, gene expression and amino acid profiles in murine skeletal 
muscles. Male and female C57BL/6 mice, age three weeks, were fed an AIN93G-based, 
exosome and RNA-depleted (ERD) diet for six weeks; controls were fed an exosome and 
RNA-sufficient (ERS) diet. Variables of feeding behavior, metabolism, grip strength, 
liver and kidney function, amino acid profiles, and gene expression patterns were 
analyzed by using metabolic cages, grip strength analyzers, clinical chemistry analyzers, 
targeted LC/MS-MS, and RNA sequencing analysis. The diets had no effect on food and 
water intake, respiratory exchange rate, physical activity, grip strength, markers of liver 
and kidney dysfunction, and amino acid profiles in muscle. Only twelve and nine 
mRNAs were differentially expressed in skeletal muscle from female and male mice, 
respectively, fed ERD and ERS diets. The modest effect of the ERD diet on gene 
expression and levels of free amino acids in skeletal muscle is consistent with 
observations that bovine milk exosomes and their cargos accumulate in tissues other than 
skeletal muscle. 
Keywords: amino acids, exosomes, gene expression, milk, skeletal muscle 
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1. Introduction 
Extracellular vesicles (EVs) are membranous, cargo-containing vesicles secreted by 
virtually all cell types. Originally considered mediators of cellular waste disposal, EVs 
are now widely recognized for their role in cell-to-cell communication [1]. A distinct 
subset of EVs, known as exosomes, are up to 150 nm in size, and originate from 
endosomes and further processing in multivesicular bodies [1-3]. Upon release into the 
extracellular environment by donor cells, exosomes can be taken up by recipient cells and 
deliver their cargos [1-4]. 
Exosome cargos include proteins, lipids, DNA, and various RNA species, such as 
mRNAs, long non-coding RNAs, and microRNAs. MicroRNAs are of particular interest 
because of their role in post-transcriptional regulation of gene expression via translation 
inhibition or target mRNA degradation [5, 6]. The loading of microRNA cargos into 
exosomes is a non-random process and involves sorting mechanisms [7]. The 
encapsulation of RNA cargos in exosomes is critical, both for protecting its cargos under 
degradative conditions such as low pH and RNase-rich environments [8, 9] and for 
conferring a pathway for cellular uptake by endocytosis [10-12]. 
The following line of discoveries in our laboratory challenged the paradigm that 
exosomes and their cargos are derived exclusively from endogenous synthesis, and 
suggested that exosomes and their cargos can also be obtained from dietary sources such 
as bovine milk across species boundaries (reviewed in [13]). For example, human 
intestinal and vascular endothelial cells and rat intestinal cells transport bovine milk 
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exosomes by endocytosis and secrete microRNA cargos across the basolateral membrane 
[14, 15]. Humans absorb microRNAs from bovine milk [16, 17]; the microRNAs are 
delivered to circulating immune cells where they alter gene expression [16]. While the 
bioavailability of dietary microRNAs is still somewhat controversial (see Discussion), 
independent laboratories have confirmed that bovine milk exosomes and their cargos are 
bioavailable and deliver functional RNA cargos [18-20]. Our preliminary studies suggest 
that dietary depletion of exosomes and their RNA cargos elicits phenotypes such as 
aberrant purine metabolism and impaired spatial learning and memory [21, 22]. 
MicroRNAs are the prime, but not sole, candidates for causing these effects, because 
bovine milk contains more than 400 microRNAs, more than 60% of human genes are 
regulated by human endogenous microRNAs, and the vast majority of bovine 
microRNAs have nucleotide sequences similar to those of their human orthologs [23-25]. 
A recent paper by Mobley et al. suggests that supplementation of C2C12 myotube 
cell cultures with bovine milk exosomes promotes myotube growth, indicating a possible 
link between milk intake and muscle protein accretion [26]. Also, exosomes appear to 
facilitate a systemic response to endurance exercise [27]. The main objective of this study 
was to determine whether bovine milk exosomes also promote muscle protein accretion 
and muscle strength in a whole animal. As a secondary objective, we assessed potential 
confounders such as differences in food intake, physical activity, and liver and kidney 
toxicity between mice fed exosome and RNA-depleted (ERD) and exosome and RNA-
sufficient (ERS) diets. The latter is of potential relevance in the context of efforts to use 
milk exosomes as vehicles for drug delivery [19, 20]. 
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2. Materials and methods 
2.1 Mouse husbandry and diets 
Male and female C57BL/6 mice (Jackson Laboratories, stock number 000664), age 3 
weeks, were fed an exosome and RNA-depleted (ERD) diet described and referred to 
previously as ExoMinus diet [16] for 6 weeks; controls were fed an exosome and RNA-
sufficient (ERS) diet which was previously denoted ExoPlus diet (n=5 per group and 
sex). Briefly, the diet has the same nutrient composition as the AIN-93G diet (Box 1, 
Supplemental Table 1), but is modified to contain RNA-depleted exosomes from 
sonicated bovine milk (ERD diet) or RNA-normal exosomes from non-sonicated milk 
(ERS diet) [16]. The amount of milk consumed by mice is the equivalent of 0.5 liter milk 
consumed by an adult human. The content of proteins, lipids, carbohydrates, 
micronutrients, and the number and size of exosomes is the same in ERD and ERS diets; 
the diets differ only in their content of RNA encapsulated in exosomes and a greater 
diversity of the size of exosomes in ERD milk ([16], S. Sukreet et al., unpublished 
observation).  Mice were housed in open box cages (for about 4 1/2 weeks) and metabolic 
cages (for 9 days) at 22°C and a 12-hour light/dark cycle. Mice had free access to food 
and water. One ERD-fed male mouse stopped eating and drinking at age eight weeks for 
unknown reasons and was euthanized. 
 
2.2 Grip strength, metabolic cages and sample collection 
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After four weeks of feeding (age seven weeks), front forelimb grip strength was 
measured using an automated animal grip strength system (San Diego Instruments, Inc.). 
Each mouse received a training session followed by an experimental session, each 
consisting of three consecutive runs. The maximum force (grams) was recorded for each 
run. Subsequently, mice were housed individually in metabolic cages (TSE Systems, 
Inc.) for nine days (three days of acclimation followed by up to six days of data 
recording). The following variables were recorded: respiratory exchange ratio 
(VCO2/VO2), activity levels, and food and water intake. Physical activity was measured 
in units of mice breaking beams of light in x and y planes (counts) per hour. Body weight 
was measured before and after housing the mice in the metabolic cages. Mice were 
euthanized using CO2 and blood was collected by cardiac puncture. Skeletal muscle 
(right and left quadriceps femoris) was harvested, flash frozen in liquid nitrogen and 
stored at -80°C until analysis. 
 
2.3 Blood chemistry 
Blood samples (n=4 per group and sex) were allowed to clot for 30 minutes at room 
temperature in red-top vacutainer collection tubes (BD Biosciences, Inc.). Serum was 
separated by centrifugation at 1,500 g at 4°C for 10 minutes and stored at -20°C until 
analysis. The following markers of liver and kidney health were determined using a 
Vitros-250 Analyzer (BlockScientific, Inc.): albumin, alanine aminotransferase, blood 
urea nitrogen, calcium, creatinine, and total protein. The enzyme unit (U) is defined as 
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amount of enzyme that converts 1 µmole of pyruvate per minute at 37°C (1.0 U/l = 0.017 
µkat/l). 
 
2.4 Muscle amino acids 
Skeletal muscle tissue (17.5 mg; n=5 ERS and n=4 ERD males and females) was 
extracted using methanol, dried, and stored at -80°C until analyzed as previously 
described with minor modifications, namely the use of a 5-µm Luna NH2 column (150 x 
2 mm) at a flow rate of 0.4 ml/min [28]. Prior to mass spectrometry, samples were re-
suspended in 40 µl of 85% acetonitrile and 20 µl were injected. Targeted metabolite 
quantification was performed using a QTRAP 6500 mass spectrometer (AB Sciex LLC) 
coupled to a Shimadzu Nexera X2 HPLC system (Shimadzu Co., Japan). Peak analysis 
was performed using Analyst Software (AB Sciex LLC). Multiple reaction monitoring 
transition data were collected for each amino acid metabolite (Supplemental Table 2). 
 
2.5 Gene expression 
Total RNA was extracted from 30 mg skeletal muscle (n=3 per group and sex) using 
RNeasy Fibrous Tissue Mini Kit (Qiagen, Inc.) according to manufacturer’s instructions. 
RNA integrity was confirmed in the DNA Sequencing Core at the University of Nebraska 
Medical Center by using a Fragment Analyzer Automated CE System (Advanced 
Analytical Technologies, Inc.). Libraries were prepared for each sample using the 
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TrueSeq RNA Library Prep Kit v2 (Illumina, Inc.) and sequenced using an Illumina 
HiSeq 2500 platform and a 150 base-pair paired-end protocol (RNA-seq).  
Data quality was assessed using FastQC [29]. Adaptor sequences and reads 
containing ambiguous bases or having average quality score less than 30 were removed. 
The remaining high quality reads were aligned to the reference sequences in murine RNA 
[GRCm38, mm10] by using RSEM [30]. EBSeq [31] was applied to identify the 
differentially expressed transcripts between two feeding groups. Only transcripts with at 
least a 2-fold difference in expressions between the two groups were included in the 
downstream analysis. Based on the differentially expressed mRNAs, enriched gene 
ontology (GO) and functional pathways (P<0.05) were also obtained utilizing the 
Database for Annotation, Visualization and Integrated Discovery (DAVID v6.8) [32]. 
Sequence data were deposited in the BioProject database under accession ID: 
PRJNA417163. 
RNA-seq data were confirmed using quantitative real-time PCR (RT-qPCR) as 
described previously with minor modifications and analyzed using the comparative CT 
method and the PCR primers shown in Supplemental Table 3 [33, 34]; expression was 
normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a 
housekeeping control. Melting curve analysis was completed to ensure production of a 
single product (not shown). RNA-seq analysis suggested that the expression of 
interleukin 6 receptor alpha (Il6rα) did not depend on the diet and therefore Il6rα was 
used as negative control in RT-qPCR analysis. 
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2.6 Western blot analysis 
Total protein was extracted from ~20 mg skeletal muscle tissue using ice-cold lysis 
buffer [20 mM Tris (pH 7.8), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1% Triton X-
100, 10% (w/v) glycerol, 1 mM EDTA, 1 mM dithiothreitol] with a protease inhibitor 
cocktail (Sigma-Aldrich, cat. #P8340). Protein concentrations were determined using the 
bicinchoninic assay (Thermo Fisher Scientific) and samples were stored at -80°C until 
further analysis. The expression of suppressor of cytokine signaling 2 (Socs2) and β-actin 
(control) was assessed using rabbit anti-Socs2 polyclonal antibody (Abcam) and rabbit 
anti-β-actin (Cell Signaling Technology), respectively, and an Odyssey Clx Imaging 
System (LI-COR Biosciences) as described previously with minor modifications [33]. 
 
2.7 Statistical analyses 
Levene’s test was used to test for homogeneity of variance. Unpaired, two-tailed 
Student’s t-test (if variances were homogenous) or Welch’s t-test (if variances were 
heterogenous) was used when two groups were compared. Multivariate analysis of 
metabolomics data was completed on Metaboanalyst 3.0 [35]. R version 1.0.136 (R 
Foundation for Statistical Computing) was used for statistical analyses. Data are 
expressed as means ± standard errors. Differences were considered statistically 
significant if P<0.05. Power calculations suggest that our sample size was powered to 
detect grip strength differences of ~25% in males and ~33% in females with 80% power 
at an alpha level of 0.05. 
	
	
	
20	
 
3. Results  
3.1 Overall metabolism and liver and kidney health 
Food and water intake, physical activity and RER were not significantly different 
between mice fed ERD and ERS diets (0.09<P<0.93; Table 1). Likewise, markers of liver 
and kidney health were not significantly different between the diet groups (Table 2) and 
within the normal range in C57BL/6 mice (Supplemental Table 4), except for calcium, 
total protein, and alanine aminotransferase activities, which were higher than the normal 
range (see Discussion). 
 
3.2 Muscle physiology 
Diets had no statistically significant effect on forearm grip strength in males and females 
(Figure 1) and amino acid levels in skeletal muscle, supported by principal component 
analysis and hierarchal clustering analysis showing no separation between the ERD group 
and the ERS controls (Figure 2). 
 
3.3 Gene expression  
Twelve and nine mRNAs were differentially expressed in skeletal muscle from female 
and male mice, respectively, fed ERD and ERS diets if a 2-fold change was used as cut-
off (Figure 3, Supplemental Table 5). For example, the expression of Tmem100 mRNA 
	
	
	
21	
was 2.47 ± 0.64 fold higher in female mice fed ERD diets than in those fed ERS diets and 
the expression of Rhobtb1 mRNA and Socs2 mRNA was 2.22 ± 0.16 fold and 2.86 ± 
1.11 fold lower, respectively, in ERD females than in ERS females (Supplemental Table 
5). The expression of these mRNAs was confirmed with RT-qPCR analysis, using Il6rα 
as negative control (Figure 4). The increased expression of Socs2 mRNA in ERD females 
compared to ERS females was paralleled by a differential expression of Socs2 protein 
(Figure 4). If a 1.5-fold change was used as cut-off in RNA-seq analysis, 31 and 13 
mRNAs were differentially expressed in skeletal muscle from female and male mice, 
respectively, fed ERD and ERS diets (not shown). One KEGG pathway and three GO 
terms were upregulated in females fed the ERD diet compared with females fed the ERS 
diet (Table 3). All these functional processes are involved in ribosome biology and 
mRNA translation, consistent with the increased expression of mRNA coding for Rpl36a, 
Rpl28, and Rps27rt in ERD females compared with ERS females. No KEGG pathway or 
GO term enrichment was observed in ERD males compared with ERS males. 
 
4. Discussion  
This paper advances the field of milk exosomes in three areas of great significance for 
studies of dietary exosomes and their cargos. First, this is the paper investigating the 
effects of bovine milk exosomes on gene expression and amino acid levels in skeletal 
muscle and grip strength in a whole animal model. Our data suggest that dietary milk 
exosomes have only a modest effect on gene expression and metabolism in skeletal 
muscle in young adult mice. This observation is consistent with recent and ongoing 
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studies suggesting that the majority of milk exosomes and their RNA cargos accumulate 
in tissues other than skeletal muscle [19, 36]. These studies are not mutually exclusive 
with milk exosome-dependent growth of C2C12 myotubes, which was a rationale for 
conducting this study, but underline the importance of testing biological effects of 
treatments in whole organisms [26]. 
Second, this paper provides evidence that food and water consumption, RER and 
physical activity were the same in mice fed ERD and ERS diets. This is an important 
consideration in studies of phenotypes other than those related to skeletal muscle. For 
example, our preliminary studies suggest that dietary depletion of exosomes and their 
RNA cargos elicits phenotypes such as aberrant purine metabolism, loss of fecundity, 
loss of spatial learning and memory and changes in the gut microbiome [21, 22, 37, 38]. 
Thus, the findings reported in this paper suggest that the phenotypes in these studies were 
not confounded by food and water consumption and physical activity. 
Third, efforts are underway to use milk exosomes as scalable vehicles for the delivery 
of drugs that are unstable or poorly bioavailable [19, 20]. In this context, it will be 
important to demonstrate that the intake of bovine milk exosomes is safe. Bovine milk 
exosomes did not cause liver and kidney dysfunction, if administered in a dietary matrix. 
Some samples exhibited moderate hemolysis, which cause artificially high readings for 
serum calcium, total protein and alanine aminotransferase activity [39]. Thus, the 
moderately higher values for these variables compared with reference values were 
probably caused by sample hemolysis.   
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While this paper has a great impact on the above areas of study, some uncertainties 
remain. For example, it is unknown whether the minor changes in pathways and 
biological processes have their origins in skeletal muscle or whether they are due to 
cross-talk between other tissues or the gut microbiome with the skeletal muscle. Note that 
bovine milk exosomes do not accumulate in skeletal muscle [19, 36]. It is also unknown 
if dietary exosomes had a stronger effect on skeletal muscle if mice suffered from 
sarcopenia. These uncertainties are currently addressed in our laboratory by exploring the 
crosstalk between dietary milk exosomes and the gut microbiome, and by studying the 
effects of dietary exosomes on muscle protein accretion and function in mice suffering 
from sarcopenia. Notwithstanding these ongoing studies we conclude that studies in 
tissues other than skeletal muscle might be more fruitful for future research of 
phenotypes caused by the dietary intake of bovine milk exosomes. 
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Figure 1. Effect of exosome and RNA-defined diets on front forearm grip strength in 
C57BL/6 mice fed ERD and ERS diets. Values are means ± standard errors (n=5). 
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Figure 2. Principal component analysis (A) and hierarchical clustering (B) of amino acid 
levels in mice fed ERD and ERS diets (n=5 ERS and n=4 ERD males and females). 
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Figure 3. Heat map of differentially expressed genes (≥2-fold change) in ERD vs. ERS 
females (A) and males (B) (n=3). 
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Figure 4. Relative mRNA expression of Tmem100, Rhobtbb1, Socs2, and Il6rα (negative 
control) and protein expression of Socs2 and β-actin (control) in skeletal muscle in 
female C57BL/6 mice fed ERS and ERD diets. Values are means ± standard errors of 
RT-qPCR analysis. *P<0.05, **P<0.01 vs. ERS-fed mice (n=4). 
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Table 1. Effect of ERS and ERD diets on food and water intake, RER, and activity levels 
in male and female C57BL/6 mice. Values are means ± standard errors (n=5 mice per 
group and sex, except for ERD males (n=4)). 
  Females Males 
Variable Cycle ERD ERS ERD ERS 
Food Intake (g/day) -- 3.9 ± 0.2 3.7 ± 0.2 3.9 ± 0.4 4.5 ± 0.1 
Water Intake (ml/day) -- 4.1 ± 0.6 3.1 ± 0.1 2.9 ± 0.1 3.2 ± 0.3 
Respiratory exchange 
ratio (VCO2/VO2) 
Light 0.91 ± 0.02 0.89 ± 0.01 0.90 ± 0.03 0.92 ± 0.02 
Dark 0.97 ± 0.03 0.96 ± 0.03 0.95 ± 0.03 0.96 ± 0.02 
Physical activity 
(counts/hour) 
Light 431 ± 109 509 ± 103 166 ± 38 286 ± 45 
Dark 2094 ± 419 2280 ± 477 1649 ± 264 1572 ± 292 
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Table 2. Effect of ERS and ERD diets on liver and kidney function in male and female 
C57BL/6 mice. Values are means ± standard errors (n=4 mice per group and sex).1 
 Females Males 
Variable ERD ERS ERD ERS 
Calcium (mg/dl) 11.4 ± 0.4 11.8 ± 0.2 11.3 ± 0.7 11.9 ± 0.3 
Total protein (g/dl) 7.1 ± 0.4 7.8 ± 0.8 7.7 ± 0.9 6.2 ± 0.2 
Albumin (g/dl) 3.8 ± 0.3 4.5 ± 0.7 4.4 ± 0.7 3.3 ± 0.1 
Alanine aminotransferase 
(U/l) 
164.0 ± 73.3 102.3 ± 49.4 199.0 ± 87.0 138.8 ± 74.4 
Blood urea nitrogen (mg/dl) 18.3 ± 2.1 17.8 ± 1.4 23.0 ± 3.2 22.8 ± 2.8 
Creatinine (mg/dl) 0.63 ± 0.19 0.43 ± 0.13 0.50 ± 0.18 0.58 ± 0.16 
1Abbreviation: U, enzyme units 
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Table 3. Functional pathway and GO terms enriched in ERD female samples (n=3). 
Category Enriched Terms P-value 
GO Molecular Function GO:0003735~structural constituent of 
ribosome 
0.005 
KEGG Pathway mmu03010: Ribosome 0.005 
GO Biological Process GO:0006412~translation 0.010 
GO Cellular 
Component 
GO:0022625~cytosolic large ribosomal 
subunit 
0.032 
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Supplemental Table 1. Composition of AIN-93G-based exosome and RNA-depleted 
(ERD) and exosome and RNA-sufficient (ERS) diets.1 
ERD  ERS g/kg 
Cornstarch Cornstarch 330 
Soy Protein Soy Protein 163 
Dextrinized cornstarch Dextrinized cornstarch 132 
Milk Powder (sonicated 
exosomes), ~5% lactose 
Milk Powder (exosomes), 
 ~5% lactose 
105 
Sucrose Sucrose 100 
Soybean oil (no additives) Soybean oil (no additives) 70 
Fiber Fiber 50 
Mineral mix (AIN-93G-MX) Mineral mix (AIN-93G-MX) 35 
Vitamin mix (AIN-93-VX) Vitamin mix (AIN-93-VX) 10 
L-Cystine L-Cystine 3 
Choline bitartrate (41.1% 
choline) 
Choline bitartrate (41.1% 
choline) 
2.5 
Tert-butylhydroquinone Tert-butylhydroquinone 0.014 
1Abbreviation: AIN-93G, American Institute of Nutrition growth diet; MX, mineral 
mixture; VX, vitamin mixture. 
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Supplemental Table 2. Multiple reaction monitoring transitions and parameters used in 
this study. Transitions were taken from Yuan et al. [28].1 
Amino acid Ionization 
mode 
Q1 Q3  
 
Dwell 
time 
(s) 
Collision 
energy 
(eV) 
Alanine + 90.1 44.2 3 13 
Arginine + 175.0 60.0 3 16 
Asparagine + 133.1 74.0 3 19 
Aspartate + 134.0 74.0 3 17 
Cysteine + 122.1 59.1 3 29 
Glutamine + 147.1 84.1 3 17 
Glutamate + 148.1 84.1 3 17 
Glycine + 76.1 30.5 3 18 
Histidine + 156.1 110.1 3 14 
Leucine/Isoleucine + 132.1 86.0 3 13 
Lysine + 147.0 67.0 3 32 
Methionine + 150.1 133.0 3 12 
Phenylalanine + 166.1 103.0 3 30 
Proline + 116.1 70.1 3 13 
Serine + 106.0 60.0 3 15 
Threonine + 120.0 74.0 3 13 
Tryptophan + 205.0 146.0 3 18 
Tyrosine + 182.1 77.0 3 39 
Valine + 118.1 55.2 3 13 
1Abbreviations: Q1, precursor ion mass; Q2, product ion mass. 
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Supplemental Table 3. Primers used in RT-qPCR analysis.1 
mRNA GenBank 
accession no. 
Primers (5’-3’) Product size 
(bp) 
Socs2 NM_007706 F: GCAGCCTTACTTCAGACACA  99 
R: GCACCTGTATAGCGTGACAT 
Il6rα NM_010559 F: CCAACCCGCTGTTTCCTATAA  124 
R: AGTGTTCACAGGCTCATTCC  
Rhobtb1 NM_001081347 F: 
TGAACCAGGAGATCACGAAAG 
109 
R: GCTCCGTCATCCAAGGTAAA  
Tmem100  NM_026433 F: 
GTTTAGGGAGTGTGGGAGATG 
99 
R: CTTGCCAGGGCTCTCATTAT  
GAPDH NM_001289726 
 
F: CATGGCCTTCCGTGTTCCTA 55 
R: GCGGCACGTCAGATCCA 
1Abbreviations: F, forward; R, reverse. 
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Supplemental Table 4. Normal ranges of variables of liver and kidney function in the 
serum of C57BL/6 mice.1 
Variable Normal range 
Calcium 5.9 - 9.4 mg/dl 
Total protein  3.6 – 6.6 g/dl 
Albumin  2.5 – 4.8 g/dl 
Alanine 
aminotransferase  
28 - 132 U/l 
Blood urea 
nitrogen 
18 - 29 mg/dl 
Creatinine 0.2 – 0.8 mg/dl 
1Abbreviation: U, enzyme activity. 
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Supplemental Table 5. Expected counts of differentially expressed genes (≥2-fold 
change) in ERD vs. ERS males and females (n=3). 
Gene ERD-1 ERD-2 ERD-3 ERS-1 ERS-2 ERS-3 
Females       
Rhobtb1 632 748 605 1509 1597 1268 
Socs2 287 316 508 1061 1204 932 
Lsm7 83 55 150 260 244 198 
Rps27rt 474 433 256 162 178 100 
Rpl28 0 35 54 0 0 0 
Gm10221 737 1620 0 0 0 0 
Tmem100 426 335 406 145 185 141 
Csf2rb2 30 42 33 61 87 64 
Gm10501 12 0 10 55 32 37 
Gm826 40 47 31 17 5.6 19 
Gm17971 2.2 3.9 3.7 18 30 19 
Rpl36a 407 173 0 0 0 30 
Males       
Ahsg 2.1 0 0 95 0 13 
Glcci1 30 36 15 0 2.6 4.0 
Fabp1 2.1 0 0 88 2.1 18 
Rpl31 0 9.2 0 0 420 121 
Gm14440 0 0 0 51 137 41 
Gm20431 22 79 118 0 0 0 
Gm5601 0 0 0 0 45 38 
RP23 7.2 9.3 3.7 34 16 26 
Umad1 17 0 1.5 52 40 38 
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Box 1. ERS and ERD diets. 
Exosome and RNA-depleted (ERD) and exosome and RNA-sufficient (ERS) diets are 
based on the AIN-93G formulation [16, 40]. In the diets, lyophilized milk powder (and 
soy protein) substitutes for milk casein in the AIN-93G to eliminate dairy exosomes 
present in the AIN-93G formulation. The milk added to the diets provides the equivalent 
of 0.5 L milk consumed by a human adult per day, adjusted by body weight in mice. The 
milk used to prepare the powder for the ERD diet is ultrasonicated for 1.5 h and 
incubated for 1 h at 37°C prior to lyophilization; the milk used to prepare the powder for 
the ERS is not ultrasonicated. Ultrasonication leads to a transient disruption of exosome 
membranes and a >98% depletion of RNA cargos in exosomes, 20% decrease in exosome 
count (9.1x1012±7.1x1011 exosomes/mL in ERS milk vs. 7.3x1012±3.5x1011 
exosomes/mL in ERD milk) and >60% decrease in intestinal exosome transport rates 
(unpublished). Diet ingredients other than milk are not ultrasonicated, i.e., nutrients other 
than exosomes and their RNA cargos are the same in ERD and ERS diets.  
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CHAPTER II 
 
Storage Stability of Extracellular Vesicles in Human and Bovine Milk, and 
MicroRNA Profiles in Human Milk Exosomes and Infant Formulas 
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Objectives To lay the methodological groundwork for field studies of microRNA 
analysis in exosomes from small samples of human milk. 
Study design The content of extracellular vesicles (EVs) in human milk was assessed 
under different storage conditions (fresh milk, and storage at 4°C, as well as -80°C 
without or with preservatives, glycerol or dimethylsulfoxide) at timed intervals and 
compared with bovine milk. Exosomes were purified from 1 mL of fresh human milk and 
their microRNA content was assessed by microRNA-sequencing analysis and compared 
to that in three brands of infant formulas.  
Results When human milk was stored at 4°C, the EV count decreased progressively to 
99% ± 17% (overnight), 84% ± 27% (2 weeks), and 49% ± 13% (4 weeks) of that in 
fresh milk. Losses were similar for the other storage conditions, except the EV count 
decreased to only 78% ± 34% in milk stored at -80°C with glycerol for four weeks. The 
moderate increases in EV size during storage were not significant. No loss of EVs was 
observed during the storage of bovine milk. We identified 221 microRNAs in exosomes 
from three samples of fresh human milk; 84 microRNAs were present in all three 
samples. MicroRNAs were not detectable in infant formulas and their exosomes. 
Conclusions Storage conditions are a confounder when analyzing microRNAs in human 
milk exosomes. MicroRNA-sequencing analysis is feasible in exosomes from small 
volumes of milk. The content of microRNAs in infant formulas is negligible compared to 
human milk.  
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Exosomes are extracellular vesicles (EVs) that have an important function in cell-to-cell 
communication.1, 2 Communication is achieved through the transfer of exosome cargos 
from donor cells to recipient cells and through interactions between exosomes and 
receptors on the surface of recipient cells.1-4 Among exosome cargos, microRNAs are of 
particular importance because they regulate the expression of more than 60% of the genes 
in humans, and loss of microRNA maturation in Drosha knockout mice results in 
premature lethality.5, 6 Exosomes are present in virtually all body fluids, including human 
and animal milk.7-12 Recently, our laboratory has provided evidence suggesting that 
exosomes and their microRNA cargos in bovine milk are bioavailable and affect gene 
expression in non-bovine species.9, 13-16 These findings were corroborated by independent 
laboratories,17-19 and the bioavailability of milk exosomes has gone undisputed. In 
contrast, some voices of concern remain regarding the bioavailability of dietary 
microRNAs (see Discussion). There is consensus that exosomes and their microRNA 
cargos are resistant to low pH and enzymatic treatment such as those in the intestinal 
tract.20, 21 Evidence is emerging that milk exosomes and their cargos, obtained through 
maternal milk are biologically active. For example, milk-derived exosomes intestinal cell 
proliferation and intestinal tract development in pigs.22 
Despite the potential importance of these novel classes of bioactive compounds in 
milk, exosomes and their microRNA cargos, very little is known about their relevance in 
infant nutrition. This gap in knowledge was acknowledged in a recent workshop on 
human milk composition.23 The U.S. Department of Agriculture (USDA) has the federal 
mandate to maintain the food composition data in the USDA National Nutrient Database 
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for Standard Reference, including for human milk. At the workshop, the USDA and the 
National Institutes of Health acknowledged that the data for human milk in the USDA 
National Nutrient Database for Standard Reference are not current, and lack any 
information about exosomes and their cargos. While some papers report the profile of 
microRNAs in human milk, they fall short of meeting the standards of rigor discussed at 
the workshop. For example, previous research identified between 300 and 1200 mature 
microRNAs, and 450 and 600 precursor microRNAs in various fractions of human milk 
by RNA-sequencing analysis, but these studies had limitations such as not fractionating 
milk, not assessing storage stability and not authenticating EV preparations.24-29 
This paper lays the methodological groundwork for future attempts at updating the 
human milk USDA database and demonstrates feasibility for the analysis of microRNAs 
in exosomes from small volumes of human milk. We used protocols of exosome 
purification and authentication, and microRNA sequencing endorsed by the Extracellular 
RNA Consortium at the National Institutes of Health.30 We assessed the i) stability of 
EVs in human (and bovine) milk under different storage conditions, ii) the microRNA 
profiles in exosomes isolated from minute volumes of human milk, and iii) the content of 
select microRNAs in infant formulas. 
Studies of EVs are complicated by the many classes (e.g., exosomes, microvesicles 
and apoptotic bodies) and subclasses of vesicles (e.g., large exosomes, small exosomes 
and exomeres) that have been identified.1, 2, 31 In this paper we denoted EVs as follows. 
We refer to vesicles as EVs when there is a high likelihood of working with a 
heterogeneous population of vesicles in a complex biological matrix such vesicle 
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counting in milk. We refer to vesicles as exosome-like vesicles when they were purified 
using ultracentrifugation and showed characteristics of both exosomes and vesicles other 
than exosomes such as vesicles in infant formulas. We refer to vesicles as exosomes 
when they were purified using ultracentrifugation and showed characteristics expected 
for exosomes.32 
 
Methods 
Participants 
Five apparently healthy women, ages 26-36 years, participated in this study. All 
participants were non-Hispanic (1 African, 3 Asians, 1 Caucasian), gave birth to a 
singleton baby and had been lactating for 2-10 months post delivery when milk was 
collected. Two of the women had given birth to one or two babies before. All babies were 
apparently healthy and produced no signs of abnormal postnatal development. Collection 
of breast milk was approved by the Institutional Review Board at the University of 
Nebraska-Lincoln (protocol 14302) and written informed consent were obtained from all 
participants.  
 
Storage stability analysis 
Fresh, midstream human breast milk was collected from healthy mothers and full-fat 
bovine milk was purchased at a local grocery store. Aliquots of the human and bovine 
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milk were kept under different conditions (fresh milk, and storage at 4°C, as well as -
80°C without or with preservatives, glycerol or dimethylsulfoxide (DMSO)). At timed 
intervals (overnight, 2 weeks, and 4 weeks of storage) samples were warmed to room 
temperature, diluted 10-100 thousand times with water, and analyzed using nanoparticle 
tracking analysis (Malvern NanoSight NS300) to assess effects of storage on EV count 
and size (settings: syringe speed, 50; camera level, 10-11; detection threshold, 3; five 1-
minute videos per sample). Note that data reflects total EVs, including exosomes. 
 
Exosome isolation and authentication 
Exosomes were isolated from 1 mL human milk and three brands of milk-based infant 
formula using an ultracentrifugation method described previously with minor 
modifications.13 Briefly, samples were centrifuged at 16,000 x g for 30 minutes at 4°C to 
remove fat layer, cells and debris. The suspension was ultracentrifuged at 83,000 x g for 
60 min. at 4°C to remove fat globules and microvesicles (Fiberlite F37L-8x100 Rotor; 
Thermo Scientific), followed by ultracentrifugation at 130,000 x g for 90 min. to collect 
exosomes. The pelleted exosomes were re-suspended in 200 µL PBS and stored at -80°C 
until further analysis.  
Exosomes were authenticated using nanoparticle tracking analysis and western 
blot analysis. Total protein was extracted from human milk exosome preparations using 
ice-cold RIPA buffer with protease inhibitor cocktail (Sigma-Aldrich, cat. #P8340). CD-9 
(antibody from Biovision), CD63 (Santa Cruz), and Alix (Santa Cruz) were used as 
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positive controls and histone H3 (Santa Cruz) was used as a negative control.32 
Contamination of EV preparations from milk with casein micelles is a possibility;33 
therefore, we tested for the presence of casein in exosome preparations from human milk 
with anti-human β-casein. Blots were imaged using an Odyssey Clx Imaging System (LI-
COR Biosciences) as described previously with minor modifications.34 
 
MicroRNA sequencing  
RNA was extracted from human breast milk exosomes (equivalent of 1 mL milk) using 
the miRNeasy Micro Kit (Qiagen, Inc.) according to manufacturer’s instructions. 
MicroRNA sequencing was performed at the DNA Sequencing Core at the University of 
Nebraska Medical Center (Omaha, USA). RNA integrity was confirmed using a 
Fragment Analyzer Automated CE System (Advanced Analytical Technologies, Inc.). 
Libraries were prepared for each sample using the NEXTflex Small RNA-Seq Kit v3 
(Bioo Scientific) and sequenced using an Illumina sequencing platform (coverage: ~6 
million reads/sample). Data quality control was performed using FastQC.35 Adaptor 
sequences and reads containing ambiguous bases or having an average quality score less 
than 30 were removed using Cutadapt.36 Reads were aligned against the known human 
microRNA database (miRBase version 22)37 using miRDeep2.38 Sequence data were 
deposited in the BioProject database under accession ID: PRJNA477819. 
 
Real-time PCR 
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A paper by Heintz-Buschart et al. suggests that RNeasy MinElute spin columns (Qiagen, 
Inc.) may be contaminated with small RNAs that cause artifacts in microRNA analysis.39 
We tested for column contamination as follows. RNeasy MinElute columns were treated 
with sodium hypochlorite to remove possible contamination and compared to columns 
that were not purified.39 Five attomoles of a synthetic microRNA (miSpike; IDT DNA, 
Inc.; 5’-rCrUrCrArGrGrArUrGrGrCrGrGrArGrCrGrGrUrCrU-3’) were added to 200 µL 
of RNase-free, molecular biology grade water and extracted immediately according to the 
manufacturer’s recommendations. Mature microRNA (100ng) was reverse transcribed 
using the miScript II RT Kit (Qiagen, Inc.). Real-time PCR was performed using 
miScript SYBR Green (Qiagen, Inc.) using the universal reverse primer included in the 
miScript II RT Kit and primers specific for select microRNAs (Supplemental Table 1). 
The microRNAs were chosen based on the rationale that they were among the 10 most 
abundant microRNAs detected in human milk; they are expressed in cows and found in 
bovine milk.17, 37, 40 
Real-time PCR analysis was used to confirm the observations from the 
microRNA sequencing analysis of milk exosomes and to compare the microRNA content 
of human milk infant formulas, and exosome-like vesicles in infant formulas. microRNA 
was extracted from whole human milk, human milk exosome preparations, milk-based 
infant formulas, and infant formula exosomes as described above using hypochlorite-
treated columns. Reverse transcription and real-time PCR was completed as described 
above. For all reactions, melting curve analysis was completed to confirm production of a 
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single product (not shown). Ct values greater than 29 were considered not detectable 
(N.D.), as previously established for the experimental conditions used in our laboratory.16 
 
Statistical analyses 
Stability data were analyzed using repeated measures ANOVA. Dunnett’s post hoc test 
was used to compare data from all storage conditions to that of fresh milk. Bovine milk 
was not fresh but obtained from a grocery store. Therefore, Tukey's post hoc test was 
used for multiple comparisons of bovine milk. R version 3.5.0 (R Foundation for 
Statistical Computing) was used for statistical analyses. Data are expressed as means ± 
SD or means ± SEM as denoted in tables and figure legends. Differences were considered 
statistically significant if P<0.05. 
 
Results 
Stability of EVs under different storage conditions 
Storage caused a loss of EVs in human milk. When human milk was stored at 4°C, the 
EV count decreased progressively to 99% ± 17% (overnight), 84% ± 27% (2 weeks), and 
49% ± 13% (4 weeks, P=0.03) of that in fresh milk (Figure 1A). The losses of EVs at 4 
weeks were not statistically significant for the other storage conditions: 71% ± 45%, 59% 
± 29% and 78% ± 35% of the EVs from the starting material remained if human milk was 
stored at -80°C, -80°C with DMSO and -80°C with glycerol, respectively. We conducted 
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a power calculation (α = 0.05, β = 0.8) using the mean ± SD of EVs in fresh milk. The 
test hypothesis was that storage does not affect the count of EVs in human milk. One 
hundred forty-eight samples would be needed to detect a 25% loss of EVs. The moderate 
increases in EV size during storage were not statistically significant (Figure 1B, C). EV 
counts and sizes were not affected in bovine milk stored for up to 4 weeks (Figure 2). 
 
Exosome characterization and authentication 
Human milk exosome preparations contained 10.9 ± 7.6 x 1011 vesicles per mL in the 
200-µL suspension with mean and modal sizes of 149.7 ± 20.7 nm and 126.7 ± 6.7 nm, 
respectively (n=3). Infant formula contained 2.8 ± 2.8 x 1011 vesicles per mL in the 200-
µL suspension with mean and modal sizes of 161.1 ± 33.4 nm and 135.6 ± 32.7 nm, 
respectively (n=3). Exosomes purified from human milk tested positive for CD9, CD63, 
and Alix, and negative for histone H3 (Figure 3A).  There was little evidence of 
contamination with EVs larger than expected for exosomes (Figure 3B) or casein 
micelles (Figure 3C). 
 
MicroRNA expression in sequencing analysis 
Two hundred twenty-one mature microRNAs were identified in the three samples of 
exosomes isolated from fresh human milk, and 84 microRNAs were detected in all three 
samples (Figure 4). The ten most abundant microRNAs cumulatively made up over 70% 
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of the total sequencing reads (Table 1). We noticed that milk samples stored at 4°C for 
less than 24 h prior to exosome isolation yielded sufficient quantities of small RNAs for 
microRNA-sequencing analysis (~12 ng/µL), whereas the yield was low if milk was 
stored at -80°C or for longer than 24 h (<1 ng/µL). 
 
RNA contamination of columns 
No contamination with microRNAs was detected in MinElute spin columns. All three 
microRNAs that were analyzed produced Ct values above the detection limit in real-time 
PCR. Ct values of miR-30d were 34.4 ± 0.3 and 34.0 ± 0.2 in non-treated and 
hypochlorite-treated spin columns, respectively. Ct values of miR-423-5p were 32.5 ± 2.4 
and 35.0 ± 1.0 in non-treated and hypochlorite-treated spin columns, respectively. miR-
125a was not detectable after 40 cycles in both non-treated and hypochlorite-treated spin 
columns. Five attomoles of the external standard, miSpike produced Ct values at about 
the detection limit in non-treated (28.5 ± 1.1) and hypochlorite-treated (29.9 ± 0.5) spin 
columns in real-time PCR (n=3, P>0.05). 
 
MicroRNA analysis in human milk, infant formulas and EVs by real-time PCR 
Analysis of representative microRNAs suggested that real-time PCR produced the same 
expression patterns observed by microRNA-sequencing analysis in human milk 
exosomes, and microRNAs were not detectable in the brands of infant formula. For 
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example, the expression of miR-30d, miR-125a, and miR-423-5p in milk and milk 
exosomes, assessed by real-time PCR, was the same as assessed by microRNA-
sequencing analysis (Figure 5) with the exception of exosomal miR-30d for which Ct 
values were higher than expected. The three microRNAs were not detectable in infant 
formulas and exosome-like vesicles in formulas. There was no consistent pattern as to 
whether microRNAs were differentially expressed in whole milk compared with 
exosomes. In all three brands of infant formula and their exosome-like vesicle 
preparations, bta-miR-30d bta-miR-125a, and bta-miR-423-5p produced Ct values above 
detection limit (>29 cycles) or were undetermined after 40 cycles (Figure 5). 
 
Discussion 
This study advances the field of human milk exosomes and their microRNA cargos in the 
following areas. First, we have demonstrated that human milk exosomes and microRNA 
cargos can be analyzed using small volumes of human milk. In this study we isolated 
exosomes from 1 mL of human milk and successfully assessed microRNA cargos by 
microRNA sequencing analysis and authenticated exosomes by western blot analysis. 
The ability to work with small volumes of milk is a pre-requisite for large-scale studies as 
discussed for possible future updates of the USDA National Nutrient Database for 
Standard Reference.23 
Second, we demonstrated that storage conditions need to be taken into account 
before engaging in large-scale studies of exosomes and their cargos in human milk. 
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Prolonged storage at 4°C is associated with a significant loss of exosomes in human milk. 
While the loss of exosomes was not statistically significant if milk was stored at -80°C, 
we attribute the absence of effect to the small sample size used in this study. Among the 
storage conditions tested, the addition of glycerol appeared to confer some protection 
against loss of exosomes. Investigators are advised to minimize the duration of milk 
storage to the extent possible. Our studies suggest that milk can be stored at 4°C 
overnight without a decrease in EV numbers. These observations raise concerns 
regarding the accuracy of microRNA analysis in human milk in previous studies that did 
not report storage times.25, 29 Effects may be compounded by the lower yields of RNA in 
milk stored at -80°C for more than 24 hours compared to milk stored at 4°C for less than 
24 hours. Bovine milk exosomes appeared to be more stable than exosomes in human 
milk, but that conclusion is fraught with the uncertainty that there was no true fresh milk 
(raw milk) sample available for testing. 
Third, we demonstrated that the concentration of microRNAs is below detection 
limit in infant formulas and exosome-like particles isolated from formulas. A previous 
study reported the presence of microRNAs in infant formulas, but the conclusion was 
based on Ct values of about 30.20 Under our experimental conditions, we consider Ct 
values greater than 29 not detectable.16 
Finally, our studies could not reproduce observations by Heintz-Buschart et al. 
that RNeasy MinElute spin columns are contaminated with microRNA.39 We speculate 
that the contaminations detected in the previous study might have been due to a particular 
batch of spin columns or another, laboratory-specific source of contamination. 
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A number of independent laboratories have confirmed that milk exosomes and 
their microRNA cargos are bioavailable and alter gene expression and cell function.9, 17-19, 
22, 41 Concerns have been raised regarding the bioavailability of microRNAs in milk in 
papers by Laubier et al., Auerbach et al. and Title et al., and Kang et al.42-45 Laubier et al. 
fostered wild-type pups to transgenic mice that overexpressed miR-30b and failed to see 
a substantial increase in tissue levels of miR-30b in pups.42 The failure to observe an 
increase in miR-30b in pup tissues was probably due to the fact that the miR-30b in 
overexpression dams was not encapsulated in milk exosomes, thereby compromising 
miR-30b stability and biovailability.13, 20, 21, 46 Auerbach et al. reported a failure to detect 
bovine miR-29b and miR-200c in human plasma following a milk meal.43 Subsequent 
studies suggest that the integrity of the samples used in that study was compromised and 
the RNA was degraded.16 Title et al. detected only trace amounts of miR-375 in the 
plasma of miR-375 knockout mouse pups fostered to wild-type dams.44 Our studies 
suggest that miR-375 in milk, unlike many other microRNAs, is subject to “first passage 
elimination” in intestinal mucosa and liver and therefore its concentrations in circulation 
and peripheral tissues are low (47, 48, Manca et al., submitted). Kang et al. conducted a 
meta analysis of published microRNA-sequencing datasets and concluded that the 
abundance of dietary microRNAs in body fluids is very low and possibly due to assay 
artifacts.45 Their analysis is biased by applying considerably lower levels of stringency 
when mapping human microRNAs compared to dietary microRNAs, by disregarding the 
abundance of microRNAs in foods, by withholding details of data normalization 
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protocols across datasets, and by dismissing the possibility that local concentrations of 
dietary microRNAs at the site of absorption might be high. 
To date, only a few studies have explored the phenotypes of milk exosome 
depletion in infants or suckling animals. Evidence suggests that infants fed soy formula 
experience a slight disadvantage in cognitive development compared with infants fed 
human milk.49 That study used cohorts of infants that were heterogeneous regarding the 
duration of breastfeeding. Using samples from sub-cohorts of infants from that study, it 
was suggested that consumption of soy formulas caused an up to 40-fold increase in the 
urinary excretion of purine metabolites compared with infants fed human milk or milk 
formulas (Aguilar-Lozano et al., under revision). The sub-cohorts used were ages 3 
months and, therefore more homogenous than the older populations used in the 
longitudinal study. Also, findings regarding purine metabolism in infants were confirmed 
using studies in human adults and a mouse model. Finally, exosomes from porcine milk 
increased villus height and crypt depth in the murine intestine.22 Unpublished 
observations in our laboratory implicate milk exosomes in fecundity, spatial learning and 
memory and composition of microbial communities in the gut. 
Much remains to be learned about the biological importance of exosomes and 
their microRNA cargos in human milk for the optimal development of infants. 
Assessment of exosome-dependent phenotypes will benefit greatly from the availability 
of microRNA data collected using protocols that adhered to current standards of storage 
and exosome isolation and authentication.23, 32 This paper laid the methodological 
groundwork for future studies of exosomes and their microRNA cargos in large, 
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ethnically diverse populations with a high degree of confidence that datasets will stand 
the test of time. 
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Figure 1. EV concentration (A), mean size (B) and modal size (C) in human milk stored 
at -80°C, -80°C with 5% DMSO, -80°C with 10% glycerol, and 4°C compared with fresh 
human milk. Data are expressed as means ± SEM (n=3 biological repeats, *P=0.03).  
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Figure 2. EV concentration (A), mean size (B) and modal size (C) in bovine milk stored 
at -80°C, -80°C with 5% DMSO, -80°C with 10% glycerol, and 4°C. Data are expressed 
as means ± SEM (n=3 biological repeats, *P=0.001).  
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Figure 3. Characterization of exosomes isolated from human milk and infant formulas. 
(A) Protein expression of CD63, CD9, Alix (exosome positive) and Histone H3 (negative 
control) in human milk exosome preparations. (B) Size distribution of human milk 
exosomes. (C) Protein expression of casein in human milk exosomes and defatted human 
milk (positive control). M=marker; Exo=human milk exosomes; Ctrl=control.  
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Figure 4. Venn diagram of mature microRNAs detected in human milk exosomes by 
microRNA-sequencing analysis (n=3).  
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Figure 5. MicroRNA analysis by real-time PCR. (A) Analysis of microRNAs in human 
milk and three brands of infant formula. (B) Analysis of microRNAs in human milk 
exosomes and in exosome-like vesicles isolated from three brands of infant formula. Data 
are expressed as mean ± SD (n=4 milk and milk exosomes; n=3 formulas and exosome-
like vesicles from formulas).  
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Table 1. Normalized counts for top ten microRNAs detected in human milk exosome 
samples (n=3) 
microRNA Normalized Counts Cumulative % 
hsa-miR-30d-5p*     238,233 ± 122,360 29.9% 
hsa-let-7b-5p   111,414 ± 47,752 43.9% 
hsa-let-7a-5p     72,111 ± 17,294 53.0% 
hsa-miR-125a-5p*   24,679 ± 2,485 56.1% 
hsa-miR-21-5p     23,222 ± 26,043 59.0% 
hsa-miR-423-5p*   20,667 ± 8,638 61.6% 
hsa-let-7g-5p   19,890 ± 5,877 64.1% 
hsa-let-7f-5p 19,022 ± 951 66.5% 
hsa-miR-30a-5p     18,589 ± 16,448 68.8% 
hsa-miR-146b-5p     17,246 ± 10,660 71.0% 
*Confirmed by real-time PCR 
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Supplemental Table 1. Primers used in real-time PCR analysis.1 
microRNA Forward primer (5’-3’) 
miSpike CTCAGGATGGCGGAGCGGTCT 
miR-30d ACATCCCCGACTGGAAG 
miR-125a GAGACCCTTTAACCTGTGA 
miR-423-5p GCAGAGAGCGAGACTTT 
1Qiagen’s miScript Universal Primer was used as reverse primer for all reactions. Note: 
in human samples miR-30d and miR-125a refer to hsa-miR-30d-5p and hsa-miR-125a-
5p, respectively. 
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FUTURE OUTLOOK 
 
While the concept of dietary exosomes and microRNAs is gaining acceptance in the 
scientific community, more work is needed to fully grasp their role in nutrition and 
health. The findings presented here not only clarify interesting questions, but also spark 
new questions and ideas that will improve our understanding of the field. 
In Chapter I, results indicate that dietary intake of bovine milk exosomes exhibit no 
effects on general metabolism and only minor alterations of gene expression in skeletal 
muscle. However, this study was done in healthy organisms and it would be interesting to 
see how the results might differ if we assessed the same variables in a diseased or 
physically challenged model. Moreover, the exosome-defined diet described in this study 
have and continue to be used in other projects in our lab. Demonstration that this diet has 
no effect on several metabolic parameters ensures that all previous and future phenotypes 
discovered using this diet are not confounded by changes in food and water intake, 
respiratory exchange rate, or physical activity. Furthermore, exosomes have been 
implicated as potential drug delivery vehicles. Upcoming studies should focus on 
developing bovine milk exosomes as an alternative to cell culture exosomes for drug 
delivery techniques, as they are cheap and readily available, do not cause any noticeable 
health consequences in mice, and are stable in harsh environments similar to the 
gastrointestinal tract. 
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In Chapter II, our findings set the methodological foundation for more expansive studies 
in human milk and confirm that microRNAs found in human milk are negligible in infant 
formulas. Currently, we have a study design in place, detailing a large-scale and 
ethnically diverse study of human milk exosomes and their microRNA content. 
Information obtained from this study will contribute greatly to updating the food 
composition data for human milk in the USDA National Nutrient Database for Standard 
Reference, the resource used to make recommendations for proper infant nutrition and 
develop nutritionally-sufficient infant formulas. Pertinent future studies should examine 
supplementation of infant formulas with milk exosomes with aims to improve the 
nutrition and health outcomes for formula-fed infants. 
